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ABSTRACT Solution processed perovskite solar cells reach efficiencies over 23 % on lab-scale. 
However, a reproducible transfer of these established processes to upscaling techniques or 
different substrate surfaces require a highly controllable perovskite film formation. Especially 
hydrophobic surfaces cause severe de-wetting issues. Such surfaces are particularly crucial for the 
so-called standard n-i-p cell architecture when fullerene-based electron transport layers (ETLs) are 
employed underneath perovskite absorber films. In this work, a unique and universally applicable 
method was developed based on the deposition of size-controlled Al2O3 or SiO2 nanoparticles 
(NPs). By enhancing the surface energy, they act as a universal wetting agent. This allows 
perovskite precursor solutions to be spread perfectly over various substrates including problematic 
hydrophobic Si-wafers or fullerene self-assembled monolayers (C60-SAMs). Moreover, the results 
show that the perovskite morphology, solar cell performance and reproducibility benefit from the 
presence of the nanoparticles at the interface. When applied to 144 cm² C60-SAMs-coated 
substrates, homogenous coverage can be realized via spin coating resulting in average efficiencies 
of 16 % (maximum 18 %) on individualized cells with 0.1 cm2 active area. Modules in the same 
setup reached maximum efficiencies of 11 % and 7% on 2.8 cm2 and 23.65 cm2 aperture area, 
respectively. 
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1. Introduction 
Hybrid lead halide-based perovskites have recently emerged as a serious contender to 
established technologies for photovoltaic applications. Perovskite solar cells combine record 
power conversion efficiencies (PCEs), comparable to record values of multi-crystalline silicon or 
Cu(In,Ga)Se2 at over 22 %,
1,2 with low cost deposition methods from precursor solutions or inks, 
typically deposited via spin coating.3–6 These exciting characteristics have led to extensive research 
efforts to fabricate large area devices in order to enable their commercialization through upscalable 
solution-based techniques such as spray-coating,7 inkjet printing,8 doctor-blading,9 slot-die 
coating,10 or drop casting.11 
However, module fabrication is challenging and solution-based processes of stacked layers may 
be limited by two major technical constraints: i) re-dissolving the underlying layer has to be 
avoided by the use of orthogonal solvents, and ii) de-wetting of the subsequent layer has to be 
controlled by suitable means. The first issue constrains the number of suitable solvents, while the 
second issue leaves few options to form uniform perovskite films limiting possible stack 
architectures at present to a few traditionally used routes. 
The planar n-i-p (standard) architecture mostly uses substrates with electron selective bilayers 
of oxides such as TiO2 and fullerenes such as C60-SAMs (self-assembled monolayers) or phenyl-
C61-butyric acid methyl ester (PCBM),
12–15 since they offer good contact and passivation against 
hysteresis effects 15–18 compared to single oxide layers.19 The fullerenes have a low surface energy 
of < 40 mJm-2 20,21 making the surface hydrophobic and leading to severe de-wetting issues in the 
subsequent perovskite layer.22 On one hand, it was shown that hydrophobic interfaces improve the 
solar cell performance by increasing the crystallite size.23 On the other hand it is very difficult to 
produce large scale homogeneous layers without uncovered areas on the hydrophobic fullerene 
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interfaces, which strongly inhibit the upscaling possibilities of these devices. In the p-i-n (inverted) 
architecture, large area devices could be printed on well wetting hole transport materials such as 
PEDOT:PSS,24 but there are other more promising materials available, which are often very 
hydrophobic such as P3HT or PTAA.25 
In order to overcome these issues a methodical step is needed, which enables good wetting, yet 
does not alter the morphology, complies with any printing technique and plays only a passive role 
in the solar cell performance. Testing solvent pre-treatment of the hydrophobic material on our 
samples showed only little effect. Plasma etching is also an option for surface activation and 
usually can improve the wetting, but the risk of damaging the sensitive organic layer is high. 
Furthermore, surface treatments such as plasma etching do not prevent a change in crystallization 
dynamics caused by different surfaces.26 Selective linkers have been used to specifically increase 
the surface energy of certain materials,27 but this is of course very demanding to develop for any 
new material. 
This work demonstrates a universal wetting strategy enabling the deposition of perovskite thin 
films independent of deposition technique or nature and size of the substrate. This method 
comprises the deposition of electrically inert metal oxide nanoparticles (NPs) (≤50 nm) such as 
aluminum oxide (Al2O3) or silicon oxide (SiO2) at the problematic interfaces, e.g. C60-SAMs or 
P3HT. We show that the insulating nature of the nanoparticles ensures a passive application 
without interrupting the functionality of the interface whether it is p-type or n-type. Notably, 
already 14 % surface coverage with the NPs improves the wetting behavior of the perovskite 
dramatically and facilitates a homogeneous spread of the precursor film. Consequently, high-
quality perovskite film morphologies with 5-10 µm grain sizes as previously introduced 28 are 
feasible in the same quality for 144 cm2 large area devices in standard (n-i-p) geometry with a low-
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surface-energy fullerene bottom-contact and for modules with about 24 cm2 active area dimension. 
Moreover, the wetting promotion by the particles can be adapted for various other hydrophobic 
interfaces and is not only limited to perovskite deposition.  
2. Improved Wetting by Nanoparticles 
In order to understand how nanoparticles improve the wetting on variant low-energy surfaces, 
we have carried out contact angle measurements with perovskite precursors based on different 
solvents. Following Young’s theory, the contact angle of a liquid droplet directly relates to the 
surface energy and therefore is an indicator for the surface wettability by perovskite solutions.29 
From these investigations we can conclude that the density of particle distribution on the surface 
and the particle size have the strongest influence on the wettability. Figure 1a illustrates the general 
mechanism how the nanoparticles decrease the contact angle and improve the droplet spreading 
that results in homogeneous perovskite layers without de-wetting issues regardless of the solution 
deposition technique. 
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Figure 1. a) Schematic illustration of the wetting improvement by nanoparticles; b) SEM 
micrographs of various nanoparticles on PCBM-surface; c) contact angles of DMF/THTO+PbAc 
or GBL/DMSO+PbI2 based perovskite solutions on fullerene interface (PCBM or C60-SAM) 
covered with Al2O3-NPs from differently concentrated solutions; d) contact angle of a 
DMF/THTO+PbAc based perovskite solution on PCBM interface covered with differently sized 
SiO2-NPs. 
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To prove the strong effect of the distribution of nanoparticles on the surface, we deposited 
commercially available Al2O3 nanoparticles by spin coating from differently diluted alcoholic 
dispersions. Figure 1b shows scanning electron microscopy (SEM) images of a fullerene (PCBM) 
surface and the spatial distribution of nanoparticles deposited from a 0.2 wt% in isopropanol (IPA) 
solution, which corresponds to a covered area of 14 %. The Al2O3 nanoparticles have a mean 
diameter of 35 nm (±26 nm) (see SEM images and size distribution in Figure S1a and S1b. 
Following the graphs in Figure 1c, different combinations of organic interlayers (PCBM or C60-
SAM) and two perovskite precursors based on the solvents dimethyl formamide (DMF) and 
tetrahydrothiophene-1-oxide (THTO) in the volume ratio of 87:13 and γ-butyrolactone (GBL) and 
dimethyl sulfoxide (DMSO) (70:30) reveal the strong decrease of the contact angle with increase 
of the nanoparticle concentration. In all cases, increasing the nanoparticle concentration and 
overcoming a critical surface coverage leads to contact angle reduction to less than 10° and a 
change in the droplet wetting behavior. The perovskite precursor solution then spreads almost 
perfectly flat on top of the substrate. 
Furthermore, we observed that particles with a smaller diameter lead to a stronger decline of the 
contact angle (Figure 1d). For this study, ethanol based dispersions with 0.4 and 0.6 wt% 
concentration of SiO2 nanospheres of diameters of 20, 40 and 60 nm (See Supporting Figure S1b) 
were synthesized following Bogush et al.30 References with untreated- and ethanol pre-treated 
PCBM surfaces have both high contact angles of about 45°, indicating a weak effect of pure solvent 
pre-treatment. In our experience, alternative perovskite solvents such as DMF, GBL and DMSO 
or switching between isopropanol or ethanol for diluting the nanoparticles has only little influence 
on the contact angle. Our results indicate that the wetting behavior is mainly influenced by 
concentration and size of the nanoparticles. Here, the contact angle declines below 10° in case of 
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the smallest particles (10 nm) at 0.6 wt% concentration. Notably the variation of the diameter has 
a stronger effect on the contact angle than increasing the concentration. The same relation between 
contact angle and nanoparticle size is shown by Munshi et al.31 
The well-established contact angle theories of Wenzel and Cassie predict that the roughness has 
a strong influence on the contact angle. They describe also the transitions from the non-wetting 
Cassie state, in which the droplet sits on top a rough morphology with air trapped underneath, to 
a wetting Wenzel state, where the droplet completely penetrates the surface.32,33 In our case, a 
rising number of nanoparticles increases the roughness of the interface and leads to a direct decline 
of the wetting angle. In consequence, we propose here wetting behavior relates to a Wenzel-like 
mechanism, at which the high surface energetic oxide particles increase the overall surface energy 
dominated by the fullerenes and act as capillary features that force the liquid to spread in between 
the gaps of the energetically favored particles. Other fields of research, e.g. the fabrication of 
solution-processable organic transistors on hydrophobic surfaces, confirmed the validity of the 
Wenzel-like wetting mechanism.34–36 
There are two reasons why a decrease of the particle diameter favors the wetting even more. By 
keeping the mass concentration in the precursor dispersion constant, a reduction of the particle 
diameter leads to a significantly increased particle density at the interface. This can be observed 
as a higher surface roughness, which generally improves the wetting mechanism.31,37 Furthermore, 
the additional rise in free surface energy, due to the high surface-to-volume ratio and the increased 
number of gaps between smaller particles exhibits a strong capillary force and therefore enable the 
perovskite solution to spread more easily. On the other hand, nanoparticles smaller than 20 nm 
may show negative effects on the wetting. Due to their increased surface energy, the particles tend 
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to agglomerate (see Figure S1a) and thereby the capillary action is inhibited by the large distance 
between the clusters. 
3. Perovskite layer formation 
In solar cell applications, the perovskite film formation is critical and usually depends strongly 
on the bottom layer surface.23 For investigation of the surface coverage of Al2O3-NPs and the 
influence on the wetting, the final nucleation and crystallization behavior of the perovskite thin 
films, we analyzed top-view SEM images. We used the same lead acetate-based (PbAc) perovskite 
fabrication for large-grained MAPbI3 thin films as introduced in our previous work.
38 The 
favorable morphology with about 5 µm sized crystallites is obtained for perovskite films directly 
deposited on TiO2 and can be reproduced on top of non-wetting TiO2/C60-SAM, when varying 
surface coverages of Al2O3-NPs (see Figure S2a-d) are applied. Since the grain diameter is much 
larger than the average distance between the particles, it is very unlikely that the nanoparticles act 
as nucleation centers. Additionally, all related XRD patterns show no significant differences in 
crystallinity and crystal alignment (see Figure S2e). 
Furthermore, we studied the effect of substrate surface dependent perovskite crystallization on 
microscopic glass or silicon wafers with and without nanoparticle wetting agent. These substrates 
used for analytical means should demonstrate the same perovskite morphology from the solar cell 
stack with TiO2 interface. An additional plasma-etching step was needed to enable full surface 
coverage on reference surfaces without nanoparticles. Both plasma treated glass and silicon 
substrates result in perovskite films with morphological defects (see the red marks in Figure S3), 
but the application of Al2O3-NPs at the interface enable comparable and high quality perovskite 
morphologies in both cases (see Figure S3b and S3d). These results indicate that not only the 
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wetting improves but also the perovskite morphology is well controlled when using additional 
oxide nanoparticles on any substrate surface. 
In order to study the impact of the wetting strategy on the solar cell performance, we prepared 
full device stacks with variation in type, size and distribution of NPs. The device stack of the 
investigated n-i-p architecture was FTO/TiO2/C60-SAMs/NPs/MAPbI3/Spiro-OMeTAD/Au 
(compare also Figure 4c).  
Figure 2b shows that the C60-SAMs at the interface improve the power conversion efficiency of 
the devices compared to non-treated TiO2 interfaces. We attribute this to the improved fill factor 
(see Figure S4c), but we observe a bad reproducibility due to the poor wetting properties. This is 
overcome with the application of the metal oxide NPs at the interface and the best compromise 
between perovskite surface coverage and efficiency (18%) was achieved with 0.2 wt% Al2O3-NP 
in solution (IPA) with an average particle size of 35 nm and resulting surface coverage of 14 % 
(see Figure S1a). Only a rather concentrated 2 wt% solution of Al2O3-NPs leads to a drop of PCE. 
Analyzing the JV-data (Figure S4) reveals significant losses in Jsc and FF due to the complete 
coverage of the interface by the insulating metal-oxide particles. In all other cases with only 
fractions of the surface covered, the solar cells reached Jsc values larger than 22 mA cm
-2
,
 which is 
close to the theoretical maximum of the MAPbI3 perovskite material. This confirms the 
transparency of the non-conducting SiO2 or Al2O3 nanoparticles and that their presence neither 
results in dark areas nor that they inhibit charge transport. As shown in our previous work 38 the 
achieved short-circuit current density values correlate perfectly with the value of 22.45 mA cm−2 
determined from an external quantum efficiency measurement. 
Further analysis of the dark and light JV-curves by fitting a one-diode equivalent circuit model 
revealed, that devices with a simple C60-SAM interface suffer from higher series resistances of 4 
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to 5 Ωcm² compared to devices employing nanoparticles (see Figure S5). Concluding from the 
previous observations, the capillary forces seem to aid the formation of a better interface with less 
defects between the fullerenes and the perovskite, by which the mean series resistance of the 
devices could be decreased to 2 to 4 Ωcm² for nanoparticle concentrations between 0.05 to 
0.5 wt%. Once again, applying a too high concentration of nanoparticles of 2 wt% leads to an 
increased series resistance due to the insulation of the interface. 
 
Figure 2. a) Photographs of perovskite film coverage in devices (without electrodes) with different 
NP concentrations at the C60-SAM-interface; b) Boxplots of performance values from devices 
employing different surface coverage of Al2O3-NPs at the interface; c) Boxplots of performance 
values from devices employing Al2O3 or SiO2 nanoparticles with different particle sizes from 0.2 
wt% solution. Shown values were measured reversely from + 1.5 to - 0.2 V at a scan speed of 
0.2 V/s. 
The devices of this work show rather strong hysteresis as visible in Figure S4a due to the large 
preferential orientation of the perovskite crystals as described in our previous work.38 However, 
stabilized PCE values at maximum power point of up to 16.5 % are achieved due to the additional 
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fullerene interface with NPs - a significant improvement compared to reference samples with a 
simple TiO2 layer (see Figure S4b). Low concentrations of Al2O3-NPs at the fullerene interface 
maintain the power output stability of the devices and in general the NPs do not affect the 
hysteresis negatively, indicating that they do not inflict additional charge accumulation. 
An additional experiment was designed to evaluate the influence of the NP-material choice as 
well as the wetting-impact of the size of the individual particles, by using the previously introduced 
SiO2 nanoparticles with very narrowly distributed average diameters of 20, 40, and 60 nm, 
respectively (Figure S1b). As expected from the contact angle studies, the wetting benefits from a 
decrease in NP-size. In particular, 20 nm sized SiO2-particles at the interface usually show better 
photovoltaic performance in comparison to larger particles (Figure 2c and S6) originating from the 
generally improved reproducibility of high performing devices. Bad wetting and poor layer quality 
lead to a large scattering of the performance, when the largest particles (60 nm) are employed. 
Providing appropriate wetting conditions, neither the presence of different sizes of  NPs, nor 
different concentrations of NPs at the interface affect solar cell parameters significantly (see Figure 
S6), which repeatedly confirms the passive role of the NPs in the solar cell functionality. 
In special applications, it may be beneficial to turn the passive NPs into active contributors. Tin 
oxide SnO2 is widely used in perovskite solar cells as a n-type semiconductor and is commercially 
available as nanoparticle dispersions, thus making these n-type NPs a perfect candidate for their 
application on n-type fullerene interfaces. As expected from the previous findings, these 10-15 nm 
oxide-NPs from a 0.5 wt% aqueous dispersion improve the wetting equally well compared to the 
insulating nanoparticles, but as an electron selective charge conductor, the SnO2-NPs improve the 
solar cell performance actively. Analysis of the JV-response proves the active role of the SnO2, 
because the additional gathering and transfer of charges through the nanoparticles enlarges the 
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contact area and leads to a reduction of the device series resistance down to 15 Ωcm² (Figure S7). 
However, these may not be universally applicable to other interfaces that require a passive wetting 
agent, whereas on p-type interfaces other p-semiconducting oxides such as NiOx might facilitate 
the wetting as well as the electrical contact improvement. 
Besides the previously discussed one-step PbAc based deposition method with the large grain 
morphology, various other perovskite recipes could possibly benefit from the wetting agent. For 
demonstrating this, we chose a PbI2 based perovskite deposition method including the formation 
of the Pb-DMSO complex together with an anti-solvent initiated nucleation, resulting in grain sizes 
smaller than 1 µm.39 This method is commonly applied and usually shows less dependency on 
substrate surface interactions compared to the PbAc deposition technique without anti-solvent, 
which is used in this work for large area deposition.40 In direct comparison between both methods, 
in each case the application of nanoparticles is mandatory in order to get complete coverage of the 
FTO/TiO2/C60-SAM substrates (Figure S8a). As we already demonstrated for the PbAc based 
perovskite, also the small grain morphology of the PbI2 based perovskite can be reproduced on 
either wetting oxide-, non-wetting fullerene-, or wetting fullerene-surfaces after nanoparticles have 
been applied to it (Figure S8b). In contrast to earlier reports 23 a facilitated grain growth due to the 
non-wetting C60-SAMs interface is not observable in our studies. 
However, when dealing with even more hydrophobic materials like PCBM instead of C60-SAMs 
and further reduce the surface energy by a decreased surface roughness, pinhole formation in the 
perovskite layer is often an issue, which is highly critical for upscaling perovskite solar cells.4 In 
order to analyze this effect in more detail, two substrates, one with a low (ITO) and one with high 
surface roughness (FTO), have been spin coated with PbI2+GBL/DMSO (dimethyl sulfoxide) 
based perovskite along with a toluene anti solvent step. 
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Despite the enhanced wetting through the 0.2 wt% Al2O3-NP layer Figure 3a and 3c shows the 
formation of macroscopic pinholes in the crystallized perovskite layer in the top-view photographs 
and confocal micrographs after spin coating. The smooth surface of ITO/SnO2/PCBM has a very 
low surface energy and exhibits more and larger pinholes than the second rougher 
FTO/SnO2/PCBM sample. The pinholes form due to de-wetting of the still-wet precursor solution 
during spin coating. During the nucleation step, the toluene cast dissolves and removes the PCBM 
from the pinhole bottom. This example shows how substrate morphology, choice of materials and 
solvents can lead to different wetting issues. In both cases however, the pinholes could be 
effectively suppressed by increasing the surface energy with the application of a higher 
concentration of Al2O3-NPs of 0.5 wt% as shown in Figure 3b and 3d. 
 
Figure 3. a-d) demonstration of pinhole defect suppression on different substrates (ITO/SnO2, 
FTO/SnO2) with PCBM as fullerene layer. 
 
4. Large area spin coating and module fabrication 
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With proper control of the wetting behavior, it is possible to push the substrate size to the 
technical limit of the spin coater, in our case to sample diameters of 17 cm. Even then, the 
application of the nanoparticle wetting agent enables complete coverage and furthermore provides 
control of the perovskite morphology. Consequently, we proved this by the usage of the PbAc 
based, one-step spin coating procedure that produces perovskite films with characteristic 5 µm 
large grains and scaled it up from 9 cm² to a 144 cm² substrate (Figure 4a and 4b) in a setup with 
ITO/TiO2/C60-SAMs and NP treatment. As shown in Figure S9b-f the perovskite grain size and 
coverage remains homogeneous even on the 16-times larger substrate. 
 
Figure 4. a) SEM image of perovskite film morphology; b) photograph of 144 cm2 sized substrate 
covered with thin perovskite film; c) schematic illustration of the device stack; d) SEM cross-
section of devices from large scale deposition with NPs marked in red circles. 
In order to demonstrate that the device performance can be maintained on larger substrate sizes, 
full devices composed of ITO/TiO2/C60-SAM/NPs/MAPbI3/Spiro-OMeTAD/Au (see Figure 4c) 
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and d) were prepared on a 144 cm2 area. Afterwards, the sample was cut into 16 pieces to match 
our standard test device structure (30 x 30 mm² substrate area) defining 12 cells with an active area 
of 0.0831 cm2 each (Figure S10a and S10b). Device efficiencies of approximately 16 % on average 
are similar to the ones reached by processing small-sized, standard test devices in the same device 
architecture. Comparing the devices out of the lower left quadrant of the 144 cm2 substrate (Figure 
S10a), only minor variations in device performance are apparent (Figure S10c–f) indicating a 
homogeneous deposition of the total of all layers on the large device area. However, we note that 
our hotplate used for the perovskite annealing at 130 °C step was only about 14 cm in diameter, 
and the corners of the large substrate reached beyond the hotplate. Therefore, the corners of the 
substrate show inhomogeneity and were discarded from the investigation. 
Reproducible perovskite deposition on increased substrate sizes is particularly desirable for the 
fabrication of modules. Insufficient wetting interactions of perovskite precursor solutions on top 
of fullerene interfaces have limited the module fabrication in this configuration so far. Here, we 
present a large area module in ITO/TiO2/C60-SAM/NPs/MAPbI3/Spiro-OMeTAD/Au architecture 
with an aperture area of 23.65 cm². The overall efficiency of the device containing 11 cells with 
2.15 cm2 active area each is 5.7 %, with evenly distributed individual cell performance between 5-
7 % (see black curves in Figure 5a). The narrow distribution in performance indicates a 
homogeneous perovskite layer quality over the full area of the module. Furthermore, we confirmed 
the perovskite layer quality by light-induced current (LBIC) mappings (Figure 5c and 5d). The 
mappings show evenly colored areas that indicate a homogeneous charge carrier generation and 
extraction throughout the complete film. Small shunts would already result in a current drop over 
the complete cell area, as it is the case for cell number 10 and 11 in Figure 5c. Little inhomogeneity 
originates from comet-like defects induced by the spin coating process. 
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Figure 5. a) PCE chart of 2.8 cm² (red) and 23.65 cm² modules (black). Filled dots: measurements 
of cells in serial connection; white dots: measurements of individual cells; c) open circuit voltage 
Voc; c) and d) light beam induced current (LBIC) mappings of each module. 
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The performance loss of modules compared to small area devices mostly derives from a 
significantly reduced fill factor (FF). With increased device area, the series resistance at the 
interconnections becomes more dominant. Therefore, the smaller device (red curves) with an 
active area of 2.8 cm² shows the potential of the setup with a higher power conversion efficiency 
of 10.7 %. Both modules exhibit high open circuit voltages of VOC = 1050 mV, which add up 
almost loss-free in the serial interconnection (Figure 5b) to a total open circuit voltage of 10.4 V 
of the large module. 
 
5. Extended application for upscaling 
Wetting challenges of the perovskite precursor on different types of thin films are inherent of 
the technique utilized for its deposition, but our nanoparticle wetting agent is truly universal for 
upscaling any sort of perovskite solar cell stack. Having already demonstrated successful wetting 
of hydrophobic polymers, molecules and inorganic surfaces by spin coating, we show how 
upscalable solution-based printing techniques benefit from our solution as well. Therefore, we 
chose doctor blading as a representative upscaling method to deposit a DMF-PbAc based 
perovskite layer on top of a poly-3-hexylthiophene (P3HT) interface with the aid of SiO2-NPs. The 
polymeric hole transport material P3HT is a candidate for the p-i-n architecture, but can hardly be 
used underneath a perovskite layer due to its extremely low surface energy of below 30 mJ m-2.
20 
Initially, the doctor blade forces the DMF-based perovskite solution to wet the P3HT interface, 
but the super-hydrophobicity leads to immediate de-wetting of the film and the solution remains 
in the meniscus of the blade. The result of the non-coated P3HT surface is observable from the 
cross-section SEM image in Figure S8a. Only the application of SiO2-NP at the interface allows 
for sufficient wetting of the perovskite solution and the subsequent formation of a uniform 
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crystalline layer (Figure S11b). Comparing to reference p-i stacks with (PEDOT:PSS), that can 
also be coated without the aid of NPs due to its higher surface energy of over 70 mJ m-2 41 (Figure 
S11c and S11d), we conclude that the morphology and film thickness is again well controlled by 
the wetting agent. These results show high potential of our nanoparticle-induced wetting strategy 
to promote the fabrication of perovskite solar cells by scalable printing techniques such as blade 
coating. 
Not only perovskite film deposition suffers from wetting challenges but also various other 
applications. The use of NPs to improve wetting on low-energy surfaces show potential to be a 
universally valid solution. In our experience, extremely smooth MAPbBr3 films with large grain 
sizes 28 show non-wetting behavior towards Spiro-OMeTAD from chlorobenzene solutions (see 
Figure S12a). Thus, pinholes in the Spiro-OMeTAD layer regularly appear and the devices suffer 
mostly from local voids in the hole-transporting layer. When Al2O3-NPs from a 0.2 wt% solution 
cover the surface of the MAPbBr3 perovskite film we can deposit a homogenous Spiro-OMeTAD 
layer on top (see Figure S12b). As a result, the number of completely HTL-covered functional 
devices is increased along with an increase in performance (see Figure S12c). 
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6. Conclusion 
In this work, we present a universally applicable wetting agent for perovskite deposition on non-
wetting, low-energy surfaces. Electrically inert metal oxide nanoparticles such as Al2O3 or SiO2 
with diameters between 20 and 60 nm promote the wetting of perovskite precursor solutions on 
various surfaces. In the special case of n-type contacts SnO2-NPs can improve both the wetting 
and electrical contact formation. Even hardly-wetting, low energetic surfaces e.g. PCBM, C60-
SAMS or P3HT are covered homogeneously and defect-free by solution-based perovskite 
deposition when the nanoparticles are pre-applied at the interface. Furthermore, the nanoparticles 
do not significantly interfere with the dominant perovskite grain growth mechanism as we 
demonstrate for different prominent perovskite synthesis routes. In particular, the wetting agent 
strategy allowed the homogeneous deposition of a perovskite film with 5 µm grains by spin coating 
on a 144 cm2 large, non-wetting C60-SAM interface and the fabrication of 24 cm² modules of the 
same. Interfaces with less than 30 % NP coverage provide full photovoltaic functionality. 
Efficiencies in the range of 16-18 % were obtained for small area perovskite solar cells deposited 
on 9 cm2 and 144 cm2 large substrates. Our route to enhance wetting on problematic surfaces 
provides an extremely useful tool for all solution-based deposition processes. Three major 
applications are conceivable: 1) Implementation of hydrophobic materials with controlled 
formation of subsequent perovskite layers or other functional films, 2) achieving superior results 
when upscaling thin film processing, and 3) realization of perovskite layers with representative 
morphology on any hydrophobic substrate for analytical research. 
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7. Experimental Section 
Nanoparticle synthesis: The SiO2 nanoparticles were synthesized following Bogush 
30 using 
fixed amounts of ethanol (2.71 ml), ammonia (101 µl) and tetraethyl orthosilicate (TEOS, 114 µl) 
and varying H2O amounts. After stirring at 30° C for 3 hours the weight-concentration of the stock 
dispersion was 1.3 wt% in ethanol. The Al2O3 nanoparticles were purchased from Sigma-Aldrich 
in a 20 wt% dispersion in isopropanol. SnO2 nanoparticles were purchased from Alfa Aesar in a 
15 wt% aqueous dispersion. For the desired concentration, the nanoparticle stock dispersions were 
diluted with ethanol, isopropanol or de-ionized water, respectively.  
Large grain sized perovskite synthesis: The perovskite synthesis was performed as described 
in previous work.38 A 62 wt% perovskite precursor solution with PbAc2x3H2O (99.995 %, Sigma 
Aldrich) mixed with methylammonium iodide (MAI, Dyesol) in a molar ratio of 1:3 was utilized. 
The precursor mixture was dissolved in 87 vol% dimethylformamide (DMF, Sigma Aldrich) and 
13 vol% tetrahydrothiophene-1-oxide (THTO, Alfa Aesar). The solution was spin coated 
dynamically at 5000 rpm for 3 min to deposit the perovskite. A volume of 50 µl for a substrate 
dimensions of 3x3 cm² and 500 µl for 12x12 cm² were used. After spin coating the film was pre-
crystallized for 8 min at ambient temperature for substrate dimensions of 3x3 cm² and for 20 min 
in the case of 12x12 cm2 substrate. Afterward the films were transferred to a hotplate and annealed 
at 130 °C for 5 min to crystallize the perovskite.  
Anti solvent perovskite deposition for crystal size study: The perovskite synthesis was 
performed as described in previos work.39 A 1.25 M precursor solution with stoichiometric 
amounts of PbI2 (TCI, >98%) and methylammonium iodide (Dyesol) in a N,N‐ dimethylformaid 
(DMF) : dimethyl sulfoxide (DMSO) solvent mixture (1:4 vol/vol) was prepared. 80 µl of the 
solution was spin‐ coated dynamically (first at 1000 rpm for 10 s, followed by a second step at 
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5000 rpm for 30 s) onto the 3x3 cm² sized substrate. After 7 s of the second step, chlorobenzene 
was added on top of the spinning substrate and afterwards the substrate was annealed on a hotplate 
(first at 40 °C for 40 min, followed by a second step at 100 °C for 10 min). 
Anti solvent perovskite deposition for pinhole study: A 1.4 M solution was prepared from 
equal parts of PbI2 (99.99 %, TCI) and MAI (DyeSol) in 70 vol% GBL (Sigma Aldrich) and 30 
vol% DMSO (Sigma Aldrich). 50 µl of the solution was the spin coated dynamically on a 15x15 
mm² substrate at 1000 rpm for 10 s and 5000 rpm for 25 s. 10 s prior to the end of the spin coating 
step, 500 µl toluene was dispensed on the film to initiate fast crystallization. Subsequently the film 
was annealed at 100 °C for 10 min. 
Device fabrication: Fluorine-doped tin oxide (FTO, Pilkington, 7 Ω/sq) or indium-doped tin 
oxide (ITO, Zhuhai Kaivo Optoelectronic Technology Co., Ltd., <15 Ω □-1 ) substrates were 
etched with 2 M HCl and zinc powder and cleaned in 2 % Hallmanex detergent, acetone, ethanol 
and were plasma-cleaned in nitrogen plasma before the deposition of the charge transport layers. 
The TiO2 layer was deposited via a sol-gel process. A solution containing 0.23 M titanium 
isopropoxide (99.999 %, Sigma-Aldrich) and 0.013 M HCl in isopropanol (IPA) was dynamically 
spin coated on top of the substrate at 2000 rpm for 45 s, dried at 150 °C for 10 min and annealed 
at 500 °C for 45 min. Following, the substrates were transferred into a glovebox and a C60 self 
assembled monolayer with 0.5 mg ml-1 4-(1’,5’-Dihydro-1’methyl-2’H-[5,6]fullereno-C60-Ih-
[1,9-c]pyrrol-2’-yl)benzoic acid solution in chlorobenzene (Sigma Aldrich) was spin coated at 
2000 rpm for 30 s on top and dried at 100 °C for 5 min.  
Subsequently the nanoparticles (NPs) were deposited on top. In all cases, a 0.2 wt% dispersion 
(if not stated otherwise)in IPA (Al2O3) or ethanol (SiO2) was spread at 2000 rpm for 30 s and dried 
at 130 °C for 5 min. The Al2O3 nanoparticles were purchased from Sigma-Aldrich (< 50 nm 
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particle size, 20 wt% in IPA). The synthesis of SiO2 nanoparticles was described in the previous 
section.  
The perovskite was deposited as described in the section for large grain sized perovskite 
synthesis.  
Afterward, a spiro-OMeTAD (99.6 %, Borun New Materials Technology Ltd.) layer was 
deposited on top with a 75 mg ml-1 spiro-OMeTAD solution in CB with 3 vol% of 170 mg ml-1 
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, Sigma-Aldrich) in acetonitrile (Sigma-
Aldrich, anhydrous, 99.8 %) and 1 vol% 4-tert-butylpyridine (TBP, Sigma-Aldrich, 96 %). The 
solution was spin coated at 1500 rpm for 45 s. The devices were stored for one day in a desiccator 
to oxidize the Li-TFSI additive in spiro-OMeTAD. I order to finalize the devices, a 40 nm thick 
Au counter electrode was thermally evaporated under high vacuum conditions (<10-7 mbar) 
through a metal aperture mask defining active device areas of approximately 0.10 cm2. The active 
area was defined with a 0.083 +- 0.001 cm2 metal aperture mask during sun simulator 
measurements. 
Perovskite blade coating: Indium-doped tin oxide (ITO, Vision-tec, GmbH, <15 Ω □-1 ) 
substrates with dimensions of 3x3 cm² were cleaned by blowing with nitrogen. After plasma-
cleaning in argon plasma a commercial PEDOT:PSS dispersion (CleviosTM P VP Al 4083, 
Heraeus, 400 µl) was deposited by spin coating at 500 rpm for 3 s, 4000 rpm for 55 s and finally 
at 1000 rpm for 3 s in air. The wet layer was baked at 120 °C for 10 min under nitrogen. P3HT 
was dissolved in dichlorobenzene (DCB) at a concentration of 2 mg ml-1 and was stirred at 60 °C 
at 500 rpm. The thin film was obtained by spin coating the hot solution at 1000 rpm for 55 s in air 
and by drying at ambient temperature. Following, a 0.2 w% dispersion of SiO2 nanoparticles in 
ethanol (100 µl) was dynamically spread on the surface at 2000 rpm for 30 s and dried at 100 °C 
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for 5 min. A 46 wt% precursor solution of PbAc2x3H2O and MAI in a molar ratio of 1:3 in DMF 
was deposited via blade coating in a nitrogen-filled glovebox. Blade coating of the precursor 
solution was performed at 120 °C. A volume of 20 µl was utilized. Subsequently, the films were 
transferred to the hotplate and annealed at 90 °C for 10 min to finalize the perovskite film. 
Module fabrication: In order to fabricate modules with line-shaped serially-interconnected 
cells, the ITO substrates were etched at one side for a 10 mm wide strip and were laser patterned 
perpendicularly with so called P1 lines with 5 mm spacing. Subsequently all layers were deposited 
as described in the device fabrication section. Before the gold evaporation, approximately 5 mm 
on two sides of the substrate were cleaned from perovskite for the purpose of contacting single 
cells. Additionally, P2 lines were laser patterned to expose the ITO layer next to the P1 line in a 
distance of 100µm. A gold electrode of 60 nm thickness was then deposited on the remaining 
layers (not on the cleaned part), also filling the P2 trenches and therby making contact with the 
ITO. Finalizing the serial interconnection, a third P3 line was mechnically scratched 100 µm next 
to P2 cutting all layers but the ITO. The active area of each subcell of the module is defined by the 
distance between P3 and P1 (~ 4.8 mm) and the length of the ITO coated substrate area. The 
aperture area is defined by the outer dimensions of the gold electrode including the dead areas of 
the interconnections. For the large module, the aperture area is 4.3x5.5 cm²and for the small 
module 1.4x2 cm². 
Characterisation 
Scanning Electron Microscopy (SEM): A scanning microscope (FEI Helios NanoLabG3 UC) 
was used to acquire SEM images of perovskite layers prepared on TiO2-coated FTO glass. SEM 
images of the nanoparticle surface distributions and the blade coated cross-sections were taken 
with an FEI Sirion XL30S FEG at a voltage of 5 kV. 
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Device characterization: Photovoltaic device performance was measured with a Keithley 2400 
source meter at a scan speed of 0.2 V/s in air at 25 °C under illumination by a Newport Oriel Sol2A 
solar simulator, which was calibrated to 100 mW cm-2 with a silicon cell certified by 
FraunhoferISE with a mismatch factor of 1.01. The active area of the solar cell was defined with 
a square metal aperture mask of 0.0831 cm2. Current-voltage analysis of the modules was carried 
out in ambient air at 25 °C with a WACOM solar simulator (class AAA, AM 1.5, 1000 W m−2) 
and a Keithley 2400 source measure unit at 270 mV s−1 and 20 ms delay time. All devices were 
pre-biased at 1.5 V for 5 s and measured with a scan speed of 0.2 V s-1 from 1.5 V to 0 V and back 
to 1.5 V. Given efficiency values are determined from the downward scan from 1.5 V to 0 V. The 
stabilized power output describes the maximum power point that is continuously adjusted via the 
applied voltage for several seconds / minutes. It is supposed to give a realistic power conversion 
efficiency even when hysteresis is present. 
JV-data fitting: Fitting of the JV-curves was accomplished with the program Diplot by Erwin 
Lotter 42 and followed an equivalent circuit model with one diode, one series- and one parallel 
resistance for description of the solar cell parameters. 
Contact angle measurements: A customized setup was used to take photographs of contact 
angles inside a nitrogen-filled glovebox. The program ImageJ 43 with the contact angle 
measurement tool by Marco Brugnara 44 was used for evaluation of the data and contact angle 
fitting. 
Nanoparticle characterization: Evaluation of the SEM micrographs and measuring the size 
distribution and coverage of the nanoparticles was undertaken via the program ImageJ.43 
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LBIC measurement: A custom built setup with an x-y stage and a 640 nm laser was used to 
create a mapping of the module. The generated photocurrent was measured by means of the open 
circuit voltage URI that builds up over the internal resistance of the device. 
XRD measurement: 2θ scans were obtained with Cu Kα X-ray source in Bruker D8 Discover 
X-ray diffractometer with a position-sensitive detector (LynxEye) in Bragg-Brentano geometry. 
Supporting Information. The following files are available free of charge. 
Supporting information, additional JV Data, SEM micrographs (PDF) 
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